F
as (APO-1͞CD95) is a member of the tumor necrosis factor-R (TNF-R) family, a group of type I transmembrane proteins (1) . Fas and some members of this family (''death receptors'') have a ''death domain'' (DD) in their cytoplasmic region, which is essential for their induction of apoptosis. The only known physiological ligand of Fas, FasL (CD95L or APO-1L), belongs to the family of TNF-related cytokines (2) . Like most of its relatives, FasL is synthesized as a transmembrane molecule and soluble FasL trimers can be generated through processing by a metalloprotease (3, 4) .
Fas signaling plays a critical role in lymphocyte homeostasis. Repeated activation of antigen receptors on T cells induces FasL expression, leading to Fas-transduced apoptosis. Failure of this process, caused by mutations in Fas (lpr or Fas gene deletion) or FasL (gld), evokes lymphadenopathy and autoimmunity (2) . This receptor also plays a role in regulating physiological death of hepatocytes because Fas-deficient mice develop mild liver hyperplasia (2) .
Both biochemical experiments and protein-interaction screens have led to the identification of candidate Fas signal transducers. These experiments suggest the existence of several signaling pathways leading from Fas to apoptosis. Activated Fas DD forms a docking site for the DD in the cytoplasmic adapter protein FADD͞MORT1 (5-7), which recruits procaspase-8 through its N-terminal ''death effector domain'' (7) (8) (9) . The high local concentration of procaspase-8 is believed to promote its autocatalytic activation thereby initiating the proteolytic ''death cascade'' (10) . Fas DD is also reported to associate with RIP kinase DD (11) , which binds the adapter molecule RAIDD allowing it to recruit and activate procaspase-2 (12) . In addition, Fas was reported to bind to DAXX, a DD-lacking molecule, that may trigger apoptosis by activating Jun kinase (13) .
Whether Bcl-2 or its functional homologs can inhibit Fastransduced apoptosis is controversial. Experiments with primary or cultured lymphoid cells showed that Bcl-2 or Bcl-x L overexpression had no impact on cell death induced by anti-Fas antibodies even though they efficiently inhibited apoptosis induced by other cytotoxic treatments (14, 15) . However, it was reported that Bcl-2 could inhibit anti-Fas antibody-induced killing of hepatocytes in the whole animal (16, 17) . A study in cell lines showed that Bcl-2 could inhibit Fas-induced apoptosis in some (type II) but not other cells (type I) (18) . These studies also reported that Bcl-2-insensitive and -inhibitable Fas-signaling pathways can coexist within the same cell. A possible link between Fas signaling and Bcl-2 is provided by observations that caspase-8 can activate the pro-apoptotic BH3-only protein, Bid, to trigger mitochondrial cytochrome c release (19) (20) (21) , a step probably regulated by Bcl-2 (22, 23) .
Posttranslational modifications of FasL have profound influence on its activity because only membrane-bound or multimerized FasL induce cell death, whereas soluble FasL may inhibit this (3, 4) . This result raises two critical questions about existing data on Fas signaling. Do antibodies to Fas reliably mimic membrane-bound FasL, soluble FasL, and could they act as death agonists or antagonists (24)? Does our current knowledge of Fas signaling, derived mainly from studies with antibodies, accurately reflect signaling by the physiological membrane anchored FasL, or could some of the findings be artifacts?
To resolve these issues, we compared the effects of different Fas inducers on a range of cells. We also tested the impact of the anti-apoptotic proteins Bcl-2 and Bcl-x L and inhibitors of Fas signal transducers, FADD and caspase-8, on Fas-induced apoptosis. These experiments revealed that only membrane-bound and aggregated FasL reliably induce apoptosis, whereas anti-Fas antibodies do not. Importantly, the physiological activation of Fas triggered apoptosis by a mechanism that required FADD and caspase-8 but was insensitive to Bcl-2 or Bcl-x L . These results reinforce the notion that the signaling pathway to cell death induced by Fas is distinct from those regulated by Bcl-2.
Materials and Methods
Mice. E-bcl-2-36, E-bcl-2-25, lck pr -FADD-DN, and AATbcl-2 transgenic mouse strains have been described (17, 25, 26) . All strains were backcrossed for Ͼ10 generations with C57BL͞6 mice.
(Trace BioScience, Castlehill, NSW, Australia). Primary mouse lymphocytes or cell lines were cultured as described (14, 27 T cells were purified by negative cell sorting as described (26) . Staining of the enriched population with a biotinylated antiThy-1 plus phycoerytherin-streptavidin (Caltag) revealed that the purity was Ͼ95%.
Expression of Bcl-2 or FLAG-Bcl-x L , -CrmA, or -FADD-DN was detected by cytoplasmic immunofluorescence staining and flow cytometric analysis, as described, using mouse mAbs antihuman Bcl-2 (Bcl-2-100) or anti-FLAG M2 (Sigma) (14) .
Recruitment of FADD and Procaspase-8 to the Plasma Membrane. To detect translocation of signaling molecules, cells were treated with 0.1 g͞ml APO-1 mAb Ϯ 0.1 g͞ml protein A for 5 min or with 0.5 g͞ml FasL Ϯ 1 g͞ml anti-FLAG for 2 hr. Cells were harvested in hypotonic lysis buffer (10 mM Tris⅐HCl (pH 7.5)͞20 mM NaCl containing 0.5 g/ml Pefabloc͞100 g/ml soybean trypsin inhibitor͞1 g/ml each of leupeptin, aprotinin, and pepstatin͞50 mM NaF͞5 mM Na 3 VO 4 ) (Sigma or Roche) and lyzed by dounce homogenization. Cellular debris and nuclei were removed by centrifugation at 10 g, and the P100 fraction was obtained by centrifugation at 100 g for 1 h at 4°C (Beckman TL-100). The pellet was suspended in the same buffer also containing 1% Triton X-100 and 10% glycerol. Lysates from 10 6 cells were fractionated by SDS͞PAGE and transferred to nitrocellulose membranes (Amersham Pharmacia BioTech). The membranes were probed with mouse mAbs anti-FADD cl.A66-2 and anti-caspase-8 cl.B-9 (PharMingen). Bound mAbs were detected with horseradish peroxidase-conjugated sheep anti-mouse Ig (AMRAD BioTech, Boronia, Vic, Australia) followed by enhanced chemiluminescence (Amersham Pharmacia BioTech).
Cell Survival and Apoptosis Assays. Cell viability was determined by staining cells with propidium iodide or annexin V-fluorescein isothiocyanate and analysis on a FACScan. To induce cell death in vitro, we used membrane-anchored mouse FasL expressed on Neuro2A cells, 1-100 ng͞ml recombinant human FLAG FasL (4), 1-10 3 ng͞ml anti-mouse Fas mAb Jo2 (PharMingen) or anti-human Fas mAb APO-1 (28), and staurosporine (Sigma). Recombinant FasL was aggregated by 1 g͞ml anti-FLAG, and Fas mAbs were crosslinked with 100 ng͞ml protein A (Amersham Pharmacia BioTech).
Mice were anesthetized and intra-thymic injections performed as described (29) . One lobe was injected with 10 g of FasL plus 20 g of anti-FLAG; the other with anti-FLAG alone. In other experiments, mice were injected into the tail vein with 12 g of FasL and 25 g of anti-FLAG and killed when moribund. Serum levels of alanine aminotransferase and aspartate aminotransferase were determined as described (30) . Livers were excised and tissue fragments embedded in Tissue-Tek or fixed overnight in PBS͞4% paraformaldehyde at 4°C before embedding in paraffin. Sections were stained with hematoxylin and eosin, and the numbers of dead cells in each section were determined by microscopic examination.
Results
Membrane-Bound or Aggregated FasL Potently Induce Apoptosis. We undertook a comparison between membrane-anchored FasL, recombinant FasL (soluble or aggregated trimers), and mAbs to Fas. The source of physiological membrane-bound FasL was Neuro2A neuroblastoma cells expressing FasL (Neuro2A-FasL). They only express membrane-anchored FasL because they lack the metalloprotease required for FasL processing (4). Neuro2A cells transfected with the parental vector (Neuro2A-neo) served as the control. The recombinant FasL was engineered to contain a FLAG tag, so that ligand aggregation by anti-FLAG mAb could be used to mimic membrane-anchored FasL (4) . As target cells, we chose the human B lymphoid line SKW6 (type I), two human T lymphoma lines, Jurkat and CEM (both type II), the mouse B lymphoma line CH1 (type I), the mouse mastocytoma line P815 (type II), and nontransformed mouse T cells. All of these cells express readily detectable levels of Fas (14, 18) .
Coculture with Neuro2A-FasL cells led to rapid apoptosis of all cell types tested. With the exception of P815 cells or activated T lymphoblasts, Ͻ10% of the cells survived after 48 hr (Fig. 1A) . In contrast, coculture with control cells did not induce significant cell death. The death signal from Neuro2A-FasL cells was transmitted via Fas on the target cells because lpr T cells were resistant (Fig. 1 A) .
Addition of recombinant soluble FasL alone did not kill any of these tumor cell lines or normal mouse T cells, but aggregated FasL triggered significant apoptosis in all cell types (Fig. 1B) . There was little difference in sensitivity or kinetics of cell killing between the various cell types. Most cells were efficiently killed by 100 ng͞ml aggregated FasL and maximal cell death occurred within 24 hr.
These results show that extensive aggregation of Fas molecules, achieved physiologically by membrane-bound FasL or by aggregating soluble FasL, is required to induce apoptosis efficiently.
Antibodies to Fas Do Not Reliably Mimic FasL. Dramatic differences became apparent when cells were treated with mAbs to Fas. The mAbs alone killed type I (SKW6, CH1) cells efficiently but type II (Jurkat, CEM, P815) or normal mouse T cells were resistant to concentrations up to 10 g͞ml ( Fig. 2A and not shown) .
Because aggregation of FasL was required to trigger apoptosis, we speculated that the mAbs alone elicited insufficient receptor crosslinking to kill some (type II) cells. Consistent with this idea, Jurkat and CEM cells (type II) were highly sensitive to anti-Fas mAbs crosslinked by protein A (Fig. 2 A) . Both types of cells had comparable sensitivity to treatment with crosslinked mAb and died at a similar rate. As little as 10 ng͞ml of crosslinked mAb triggered apoptosis in the majority of cells within 24 hr. Treatment with protein A alone or a control mAb and protein A had no effect (not shown). Moreover, only those modes of Fas ligation, which triggered apoptosis efficiently, promoted recruitment of FADD and procaspase-8 to the plasma membrane to assemble the deathinducing signaling complex. In SKW6 cells (type I), mobilization of FADD and procaspase-8 was evident after treatment with aggregated FasL or anti-Fas mAbs, alone or crosslinked (Fig.  2B) . In Jurkat cells (type II), the signaling molecules were only recruited when treated with aggregated FasL or crosslinked mAbs, but not after treatment with mAbs alone (Fig. 2B) . No recruitment of FADD and procaspase-8 was seen in either cell line after addition of soluble FasL alone. Thus, efficient induction of apoptosis by Fas correlated with recruitment of FADD and procaspase-8 to the plasma membrane.
Because mAbs to Fas were unable to kill some cells (type II), we reasoned that they might act as antagonists in certain scenarios. Normal mouse T cells and CEM or Jurkat (type II) cells were preincubated with Jo2 (anti-mouse Fas) and APO-1 (anti-human Fas) mAbs, respectively, and the cells were then cocultured with Neuro2A-FasL cells. At higher concentrations, both mAbs significantly inhibited Neuro2A-FasL-induced apoptosis ( Fig. 2 C and D) . These mAbs were inhibitory even when added 2 hr after coculture of target cells with Neuro2A-FasL cells was started.
These results demonstrate that mAbs to Fas, which were thought to act exclusively as agonists, can antagonize Fastransduced apoptosis under certain conditions. Furthermore, Fas-induced apoptosis can be mimicked by crosslinked mAbs to Fas but not reliably by anti-Fas mAbs alone.
FADD and Caspase-8 Are Essential for FasL-Induced Apoptosis. Experiments with anti-Fas mAbs indicated that the adapter protein FADD and caspase-8 are essential for Fas-transduced apoptosis (31) (32) (33) . We investigated whether FADD and caspase-8 are also needed for cell death induced by the ligand. These experiments were performed with cell lines and nontransformed transgenic mouse T cells expressing a dominant-interfering mutant of FADD (FADD-DN) or the cowpox virus serpin CrmA (Fig. 3A) , an inhibitor of caspase-8 (34) . Cells expressing FADD-DN or CrmA were resistant to membrane-anchored FasL, aggregated FasL, and crosslinked mAbs to Fas but were normally sensitive to removal of serum or treatment with cytotoxic agents (Fig. 3  B and C and not shown) . These results demonstrate that FADD and caspase-8 are essential for Fas-induced cell death but dispensable for other pathways to apoptosis.
Bcl-2 or Bcl-xL Do Not Protect Lymphocytes or Hepatocytes Against
FasL-Induced Apoptosis. Because mAbs to Fas have produced conflicting results as to the role of Bcl-2 or Bcl-x L in Fastransduced apoptosis, we tested the impact of Bcl-2 and Bcl-x L on FasL-induced apoptosis in cell lines and in nontransformed T cells. Bcl-2-and Bcl-x L -overexpressing cells were as sensitive to membrane-bound or aggregated FasL (at 1, 10, or 100 ng͞ml) as control cells (Fig. 4B and not shown) . The levels of Bcl-2 and Bcl-x L in these cells were functional because they conferred resistance against serum deprivation or cytotoxic agents (not shown).
We also assessed the impact of Bcl-2 on FasL-induced apoptosis in vivo. One thymic lobe from control, Bcl-2 or FADD-DN expressing transgenic mice was injected with FasL and anti-FLAG, the other with anti-FLAG alone. Aggregated FasL killed Ͼ80% of normal and bcl-2 transgenic thymocytes. In contrast, FADD-DN transgenic cells were completely resistant to FasLinduced apoptosis (Fig. 5A) .
Hepatocytes are the only nontransformed cell type for which Bcl-2 has been documented to inhibit Fas-transduced apoptosis (16, 17) . These experiments were performed with the Jo2 mAb, which may not reliably mimic FasL (Fig. 2 ). There were also discrepancies between the two studies: one reported that Bcl-2 protected the mice against lethal hepatic injury caused by mAb injection (16) , while the other reported that Bcl-2 did not (17) . Furthermore, in mice rescued by Bcl-2 expression, the number of apoptotic hepatocytes and the levels of liver enzymes in the serum were comparable to those found in dying control mice (16) . We investigated the impact of Bcl-2 on FasL-induced hepatocyte apoptosis in vivo by studying mice expressing a bcl-2 transgene in hepatocytes. Both transgenic and control mice died of liver injury within 2 hr of injection with aggregated FasL (Fig.  5B) . The magnitude and rate of increase in serum liver enzymes were indistinguishable between the bcl-2 transgenic and control mice (Fig. 5C ) and histological examination revealed that they had sustained comparable hepatocyte destruction (Fig. 5D) .
These results show that Bcl-2 and Bcl-x L cannot inhibit FasL-induced apoptosis and challenge the notion that there are type I or II cells (18) .
Discussion
A broad range of physiological or experimentally applied stimuli induce apoptosis. They trigger independent signaling pathways that converge upon activation of caspases leading to degradation of vital cellular constituents and eventual collapse of the cell.
The results presented here demonstrate that physiological cell deaths activated by FasL and those regulated by Bcl-2 are subject to distinct control.
Apoptosis triggered by FasL requires extensive aggregation of Fas as trimerization of receptors by soluble FasL is insufficient ( Figs. 1 and 2; refs. 3 and 4) . Under physiological conditions, related death receptors may also trigger apoptosis only upon extensive multimerization. For example, soluble TNF does not induce apoptosis in vivo. Mice injected with ConA suffered severe hepatocyte destruction, caused by membrane-bound TNF on activated T cells, only when an inhibitor of the metalloprotease that releases soluble TNF was coinjected (35) .
Most data on sensitivity of different cell types to Fas have been derived from studies with mAbs alone. Some of these studies are contradicted by experiments performed with the FasL. For example, resting T cells were reported to be resistant (36, 37) , but we find them highly sensitive to membrane-bound or aggregated FasL (Fig. 1) . Consequently, studies based on mAbs alone, which do not reliably elicit the same biological responses as the ligand (Figs. 1 and 2) , may be misleading. Cellular responses to Fas activation should be studied with membrane-bound and͞or recombinant FasL.
Our analyses in cell lines demonstrate that Bcl-2 and Bcl-x L do not block Fas-induced apoptosis when cell death was assessed by vital dye exclusion, phosphatidylserine exposure, or DNA fragmentation (Figs. 4 and 5 and data not shown) . These results agree with previous studies showing that Bcl-2 or its homologs do not block anti-Fas mAb-induced death (14, 15, 27) or that triggered by enforced expression of FADD (38) or caspase-8 (39) . Others reported, however, that Bcl-2 and Bcl-x L can inhibit anti-Fas mAb-induced apoptosis in some (type II) but not other lymphoid cell lines (type I) (18) . We found that type II cells are insensitive to anti-Fas mAb alone, even without expression of Bcl-2 or Bcl-x L , but were highly sensitive to crosslinked antibody. In contrast, type I cells are sensitive to both types of stimulation (Fig. 2) . When Fas was stimulated by membrane-bound or aggregated FasL, no difference in sensitivity or recruitment of FADD and procaspase-8 was observed. Importantly, no protection by Bcl-2 or Bcl-x L was achieved (Figs. 4 and 5 ). This result demonstrates identical Fas signaling in type I and II cells when Fas is stimulated physiologically.
The sensitivity of type I cells to the antibody alone may reflect increased receptor density (SKW6 cells have higher levels of Fas than Jurkat cells) or expression of molecules that promote Fas aggregation. Interestingly, anti-Fas mAbs potently kill hepatocytes in vivo where Fc␥R-expressing Kupffer cells are in close proximity, yet kill cultured hepatocytes only when protein synthesis was blocked (40) . Alternatively, type II cells might express molecules blocking Fas aggregation, such as homologs of SODD, a cytoplasmic inhibitor of TNF-R1 aggregation (41) .
As defective apoptosis can lead to transformation (42), immortalized cells commonly used to study cell death signaling may harbor mutations in cell death regulatory genes and this may affect the experimental outcome. This problem can avoided by studying nontransformed cells whenever possible. Our experiments with primary cells clearly show that Bcl-2 cannot inhibit FasL-induced apoptosis, and this result is consistent when bcl-2 or bcl-x L transgenic mice were compared with lpr or gld mice. Expression of Bcl-2, or Bcl-x L , in lymphocytes does not cause lpr͞gld-like lymphadenopathy (25, 43, 44) but is synergistic with loss of Fas or FasL (14, 45, 46 ). These observations demonstrate that Bcl-2 and Bcl-x L regulate pathways to cell death distinct from those activated by FasL.
Supportive evidence for the existence of distinct pathways to apoptosis comes from the study of viruses. Many viral genomes encode Bcl-2 homologs as well as specific inhibitors of death receptor signaling. For example, human ␥-herpes virus HHV-8 express a Bcl-2-like protein (KS-Bcl-2) and an inhibitor of Fas-induced apoptosis, v-FLIP (47) . Because viruses are under evolutionary pressure to minimize the size of their genomes, they probably express two classes of inhibitors because each can independently enhance virus persistence and replication by blocking distinct apoptotic pathways in host cells.
These and other data support a model for two independent but ultimately converging, physiological pathways signaling for apoptosis in mammals. One induced by radiation or cytotoxic drugs is mediated by Apaf-1 and caspase-9. This pathway can be inhibited by Bcl-2 or its homologs (22) but is dispensable for Fas killing (48 -51) . Instead Fas-induced cell killing requires FADD and caspase-8 (31) (32) (33) . Although caspase-8 can activate Bid, this step may serve primarily to amplify the signal (52). Bid is not absolutely essential for Fas-induced apoptosis because some Bid-deficient mice still die after injection with anti-Fas mAb and their lymphocytes are normally sensitive to FasL (21) .
